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ABSTRACT

Theweightedimplicit finite volumeapproactor 2-D flow is extendedo modelcanal
flow in the SouthFlorida Regional SimulationModel (SFRSM).St Venantequations
with thediffusionapproximatiorareusedasgoverningequationsThewaterbodyand
watermoverbaseclasse@reusedto representanalsegmentsandjunctionsin the1-D
modelin anobjectorientedframevork. Groundwaterandsurfacewaterflow is inte-
gratedwith canalflow throughflow functionsattachedo segmentwalls. The model
usesan external sparsesolver to solve overland,groundand canalflows simultane-
ously. Themethodis stablebecaus®f theimplicit formulation. This paperdescribes
thetheoryandprovidesa sampleapplication.

INTRODUCTION

Regional simulationmodelsplay a key role in the planning,managemenand oper
ation of the complex hydrologic systemin southFlorida. The SouthFlorida Water
ManagemenmModel (SFWMM) wasdevelopedduringthe late 1970sandearly 1980s
and hassened asthe primary regional simulationmodelin southFloridafor nearly
two decades.New initiativessuchasthe EvergladesRestorationand Water Supply
Planninghave placednen demanddor informationfrom regional simulationmodels.
The SouthFlorida Regional SimulationModel (SFRSM)will be the next generation
SFWMM that will userecentadwancesin computertechnology in particulay Geo-
graphicallnformation Systems Databasesand Object Orientedmethodologies.The
SFRSMwill alsomalke useof the more accurateand efficient numericalalgorithms
to simulatehydrologyandwatermanagemenin southFloridausinga variablemesh
structure.

The Hydrologic SimulationEngine(HSE) wasdevelopedto provide moreflexible
anddetailedhydrologicanalysiswithin the SFRSM.A weightedimplicit finite volume
methodis usedin the HSEto solve the diffusiontype overlandflow andgroundwater
flow equationgLal, etal., 1998). The physicaldomainis ideally suitedto be imple-
mentedasobjects. The two fundamentabbjectsare waterbodiesandwater movers.
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Waterbodiesareplacesto storewater Watermoversprovide a meansof watertrans-
fer. Becausehetransferof waterbetweerwaterbodiess throughwatermovers,water
mover objectshave the responsibilityof computinghow muchflow occurs.To do this

they useavarietyof userselectablenethodg¢hatmodeloverlandflow andgroundwa-

terflow. A linearizedcoeficientis producedy eachof thesemethodsandinsertedn

a stiffnessmatrix “K”. The final valuestoredin “K” is a combinationof all the flow

methodsandindicateghetotalamountof watertransferreetweerwaterbodies.The
governingequationis written in termsof K andis usedto obtaina weightedimplicit

formulationthatcanbe solved asa systemof linearequationdor waterlevel. Canals
in the one-dimensionahetwork modelcanbediscretizedn the sameway asthe two-

dimensionaldomainis discretized.Canalsegmentsarewaterbodiesthat storewater

Junctionsbetweencanalsegmentsand walls betweena canalsegmentand 2-D cells
actaswatermovers,transferringwaterfrom canalsegmentto adjacentsegmentsand
cells,respectiely.

GOVERNING EQUATIONS FORCANAL FLOW

Onedimensionaflow is approximatedisingdiffusion flow equationsassuminghat
theinertiatermscanbeneglected.Thecurrentl-D modelis capableof simulatingflow
throughstructuresandjunctions,and considerghe effects of differentheadanddis-
chageboundaryconditions.In the coupledsystemconsistingof 2-D overland/ground
waterflow and1-D canalflow, the canalsystemis laid over the 2-D system,andthe
interactionor leakagetermsarecomputedusingwaterlevelsandphysicalcharacteris-
tics of both systemsFigurel showvs a definition sketchshaving the placemenbf the
canalseggmentsn thecell.

Graduallyvaried 1-D unsteadyflow is explainedusing the depth averagedflow
equationcommonlyreferredto asSaintVenantequations.Thefirst of the two equa-
tionsis the continuity equation.

0A 0Q
5T TA=0 (1)
in which, x is thedistanceaneasure@longthecanal;A = flow crosssectionakrea,
Q = dischage throughA; g = overlandflow enteringinto the canalper unit length.
Rainfall andevapotranspiratioareassumedo betakingplaceonly in the2-D overland

flow area.The secondf thetwo equationss the momentumequations.

0Q 0 [/ @Q? oH
=12 (= A— =0 2
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in which, S; = friction slopein x direction;H = waterlevel; f = momentunmcor-
rectioncoeficient. After neglectingthefirst threetermscontrituting to inertia effects,
the momentumequationin reducego %—E = —S¢ in which, H = h+ z= waterlevel
above a datum;z = bottomelevation above datum. Friction slope$; is relatedto the

velocity using a generalform of the Manning’s equationis written asV = %RVS} in
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which R= A/P = hydraulicradius;P = wettedcanalperimeter;n = Manning's co-
efficientwheny = 2/3 andA = 1/2; andS; = friction slope. Akan andYen (1981),
Hromadkaet al. (1987), and othersshowved that flow velocity componentu canbe
expressedn thefollowing form usingManning's equations.

oH
Q=-kS 3

in which, K canbe expressedor the Manning’s equationas

K::%AWﬁ* for A>1, |St|> Sa (4)
1 ARY

K = = for A<1, |S[< S (5)
NSal

So = acutoff level of friction slopebelov which theflow is assumedo be negli-
gible. S is alsousedto boundK within finite limits. The continuity equationEq. 1
cannow beexpressedisingEq. 3 as

0OA 0 oH
E:&<K&) +a (6)

This equationcanbe solvedasa non-lineardiffusionequation.

GOVERNING EQUATIONS FORCANAL INTERACTIONS

The systemin southFloridais uniquebecausef the presenceof stronginteraction
of overlandandgroundwaterflow in canalsandpondedareas.Leakagebetweerthe
canalandthe groundwateraquifercanbe expresseds

kmP AH
B 5 @
in which, k,, = transmisstity coeficientfor sedimentayer; P = wettedperimeter;
B = width of canal;,AH = headdifferencebetweerthe cell andthe canalsegment;d =
thicknesof sedimentayer;

Overlandflow getsin andout of canalsmainly during stormevents. Simplekine-
maticflow assumptionsreusedto computeflow ratesbasedon the Manning's equa-
tion. Flow is assumedo take placeundertwo differentconditionswhich dependon
thewaterlevelsof the canalandtheground.Theequationdor flow ratearedeveloped
for conditionsunderwhich the flow ratecanbe downstreamdependenandindepen-
dent. Overlandflow rateinto a canalcanbe computedusinganequationbasednthe
Manning’s equation.Whenthe downstreamwaterlevel is well belon the banklevel,
the downstreamindependentlow occur (Figure 2). Underdownstreamindependent
flow conditions,
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1
Qo= VS(H-2-dy)’ (8)
in which, Qo = flow rate per unit length of canal;n, = Manning’s roughnesof
overlandflow; S = bedslopeof the overlandflow area;anddy = detentiondepth.

Underdownstreandependentiow conditions,

1 4(H —Hc)
Qo= n—b(H —Z-dg)3\

wluon

(9)

Ax = v/ AA wasassumedor triangularcells.

NUMERICAL METHOD

Solutionof the St. Venantequationsor its diffusion flow form requiresdiscretization
of thecanalsystem.In orderto obtaina finite volumetypeformulation,the governing
equationis expressedn thefollowing integral form overthe canalsystem.

0 0Q

— [ Adv— [ —dx+ dv=0 10

ot Jov cov OX cvqae (10)
For a single canalseggmenti of plan areaB;Ax;, the continuity equationcan be

expresse@s

BAXaa—T = [Z Qin— ZQout +0ae) =0 (11)

in which, Qin, andQq: areflowsin andout of the canalsegmentfrom neighboring
canalsggments.

Whenusinganobjectorientedformulation,canalseggmentsareconsideredswater
bodyobjectshaving uniform crosssectionaproperties. Thesesegmentsareconnected
to eachotherat junctionslocatedat eachend. Junctionsactaswatermovers,control-
ling theflow betweersegments.Thefriction relationshipsetweerthe canalsegments
form the basisof all the flow computationsn the network. In the caseof structures,
the friction relationshipis derived from the structureequations.In the caseof open
channelfflow, the Manning’s equationis usedinstead.If thewaterlevels of two canal
segmentsi and j areH; andHj, the openchannefflow betweerthe sggmentscanbe
expresseds

Q= Ki j(Hi—Hj) (12)
in which
A A\ 3
and



A = A+A| (14)

P P+ Pj (15)

Np Npi + N (16)
[Hi —Hj

= 17

S li +1; (17)

I, = 0.5Ax; (18)

A, = crosssectionalareaof canalsegmenti; B = wettedperimeterof the canal
seggmenti; n, = Manning’s roughnes®f canalsegmenti; andAx; = lengthof canal

segmenti.
Usingtheabove linearization the continuity equationfor a canalsegmenti canbe
expresse@s
oH, | M
B|AX|a— [Z K”HJ +qae,| :O (19)

in which, j =1,2,...nd aretheflow pairssendingwaterto canalseggmenti. Since
thegoverningequationis castin theform

-AC;—':_M H+S (20)

andthediagonalmatrixmA is definedas

AA;; = BiAX; (21)
Equation20 canbe numericallysolved usingthe samemethodusedwith the 2-D dif-
fusionflow problem.

The interactionsbetweenthe canalsand cells introducetermsto the systemof
differential equations. The systemof equationss written in a form consistentwith
Equation20. In orderto assemblehe correspondingermsin the M matrix, follow-
ing waterbalanceequationsarewritten describingthe leakagebetweencells andthe
canals.Flow rateinto a canalsegmentis givenby

dHC,

AAC] z Bleu HCJ) (22)
in which,AA¢; = openwaterareaof thecanalsegmentj computedcasw;Axj; Hej =
waterlevel in the canalsggmentj; Bjj = overlappinglengthbetweerthe canallink |
andthecelli; Gjj = canalreachtransmisstity betweerlink j andcelli; nj = number
of cellsinteractingwith canallink j.
Theflow rateinto acell givenby thefollowing equatiordescribeshewaterbalance
with respecto cells.

dH; N
DA = zB.JG.] Hej — Hi) (23)



Figure 3 shows the placemenbf thesenew elementan the compositeM matrix.
Interactiontermsaddelementdo thei,i andj, j placesaswell asthei, j andj,i places.
For the j th link, therow andthe columnnumbersarecountedasne+ j andne—+ j in
which neis the numberof triangularcell elements.

APPLICATION

The testapplicationconsistsof a 1 mile channelsplitting into a 2 mile channel
anda 3 mile channel.Overlandandgroundwaterinteractionsverenotincluded.The
propertiesof the threestraightchannelsareshavn in Figure4. Manning’s roughness
wasassumedo be 0.02for all channels.Theflow hydrographat theinflow beginsas
steadyflow of 589.7m?3/s, andincreasedinearly from 589.7m?/sto 1415.8m3/sin
20 minutesanddecreasebnearly to 589.7m?*/sin 40 moreminutes.Thedownstream
endshave headboundaryconditions with waterlevelsspecifiedas2.017m and1.213
m atsggments2 and3.

Figure5 showvs a comparisorof the HSEwith UNET (HEC, 1996)results.Simu-
latedwaterlevelsfrom theHSEandUNET modelsnearlycoincideattheupstreamend
of reachl. At thedownstreanmendof reach3, the simulateddischagefor UNET gen-
erally coincideswith HSE exceptatthe peakwhereUNET dischageis 2 m®/s greater
than HSE. This deviation is mostlikely dueto differencesn formulation (diffusion
approximationversusthe Priessmanischemeor UNET). Thesedifferencesplusthe
influenceof canalandcell interactionswill beaddresseth future studies.

SUMMARY

The weightedimplicit finite volume approachdevelopedfor 2-D flow canbe ex-
tendedo canalflow. Moreoverthe sameobjectorientedframewvork developedfor 2-D
flow canbe usedto modelcanalflow, aswell ascanalandcell interactions. Com-
parisonsbetweenUNET and HSE showv the two modelsgenerallygive comparable
results.
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canal segment |

Figurel: Definition sketchshaving the placementf canallinks in triangularcells

Figure2: Definition sketchshaving canalcrosssection.
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Figure3: Configurationof the sparsanatrix shaving theinteractionterms.
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Figure4: Canalconfigurationusedfor testapplication.
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Figure5: Comparisorof HSEandUNET modelresults.
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